Cryptosporidium is a protozoan parasite that can cause diarrhoea. Human faeces are an important source of Cryptosporidium in surface waters. We present a model to study the impact of sanitation, urbanization and population growth on human emissions of Cryptosporidium to surface waters. We build on a global model by Hofstra et al (2013 Sci. Total Environ. 442 10-9) and zoom into Bangladesh and India as illustrative case studies. The model is most sensitive to changes in oocyst excretion and infection rate, and to assumptions on the share of faeces reaching the surface water for different sanitation types. We find urban centres to be hotspots of human Cryptosporidium emissions. We estimate that 53% (Bangladesh) and 91% (India) of total emissions come from urban areas. 50% of oocysts come from only 8% (Bangladesh) and 3% (India) of the country area. In the future, population growth and urbanization may further deteriorate water quality in Bangladesh and India, despite improved sanitation. Under our 'business as usual' ('sanitation improvements') scenario, oocyst emissions will increase by a factor 2.0 (1.2) for India and 2.9 (1.1) for Bangladesh between 2010 and 2050. Population growth, urbanization and sanitation development are important processes to consider for large scale water quality modelling.
Introduction
Cryptosporidium is a protozoan intestinal parasite that causes diarrhoea in humans and animals worldwide. In the developing world diarrhoea is the third leading cause of death (WHO 2008) . But also in industrialized countries, Cryptosporidium outbreaks are regularly reported (Mackenzie et al 1994) . Through faeces of infected individuals Cryptosporidium oocysts-the robust survival stage of the pathogen-are excreted and spread in the environment. Surface water is an important mode of environmental transport, and a source of infection when ingested as drinking water, via irrigated crops or during recreation (Medema and Schijven 2001) . Ingestion of low numbers of oocysts causes a significant probability of infection (DuPont et al 1995) . Manure from livestock, and to a lesser extent from wildlife, is a diffuse source of oocysts to surface water via runoff (Cox et al 2005 , Thurston-Enriquez et al 2005 . Human faeces are a point source in various ways. Sewage systems can discharge faeces in to surface water, either treated or untreated. Several treatment types (primary, secondary and tertiary) are applied with different removal rates of Cryptosporidium (Hofstra et al 2013) . Faeces can also be deposited directly into the surface water, for example via hanging toilets (WHO/UNICEF JMP 2014), or they can be deposited on land when people practice open defecation, where they can be a diffuse source.
Population growth, urbanization and changes in sanitation are potentially important processes to consider for future water quality. Projections indicate that population will grow and urbanization will increase, especially in the developing world (United Nations 2014), but quantifications of the potential effects on water quality are limited. Sanitation improvements are lagging behind urbanization rates, especially in the growing number of urban slums in developing countries (WHO/UNICEF JMP 2000) . The sustainable development goals aim to halve the discharge of untreated sewage and end open defecation, to limit the spread of waterborne diseases. However, data on pathogens in surface water are scarce, especially in the developing world, as monitoring is time-consuming and costly.
Global modelling of pathogen emissions to surface water could contribute to adequate sanitation management to reduce the spread of waterborne diseases. The exploratory Cryptosporidium emission model (Hofstra et al 2013) is a first global assessment of Cryptosporidium emissions to rivers in a spatially explicit way. This study accounts for people connected to a sewage system, but leaves out a large part of the global population, especially in developing countries, that is not connected to sewerage. This may lead to a significant underestimation of the actual situation, as a sensitivity analysis of the model showed that when assuming 20% of the faeces of the people not connected to sewer systems would end up directly into the surface water, this would almost double human Cryptosporidium emissions (Hofstra et al 2013) .
Our aim is to develop a spatially explicit model to study the impact of sanitation, urbanization and population growth on human emissions of Cryptosporidium to surface waters. We take the model by Hofstra et al (2013) as starting point. We zoom into Bangladesh and India as illustrative case studies, and we apply the model in a scenario analysis to demonstrate the importance that population growth, urbanization and changes in sanitation may have for future Cryptosporidium emissions to surface water. 
Methods

Description of the original Hofstra model
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The fraction of oocysts removed by wastewater treatment (f rem ) depends on the treatment type. The Hofstra model defines four categories: no treatment (0% oocysts removed), mechanical (primary) treatment (f p ) (R p =10%), biological (secondary) treatment (f s ) (R s =50%) and advanced (tertiary) treatment (f t ) (R t =95%). The fraction of sewage treatment that falls into each of the categories are country estimates based on data from WHO/UNI-CEF, and the fraction of oocysts removed is the weighted average of these efficiencies.
he total human emissions per country (H) in oocysts yr −1 are calculated by multiplying the country population (P) connected to a sewer system (f c ) with the average oocyst excretion rate per person (O p ) in oocysts person −1 yr −1 . The fraction of oocysts removed in sewage treatment plants (STPs) is then subtracted (f rem ).
The total human emissions per country (H) are then distributed over grid cells based on population density (taken from LandScan data maps) (Dobson et al 2000) . This is done under the assumption that places with the highest population densities are most likely to have a sewage system. Starting at the most densely populated grid cells, the total human emissions are allocated until all have been distributed.
An improved approach to account for sanitation types
The original Hofstra model divides the population in people that are either connected or not connected to a sewage system, and the emissions of the latter are ignored. No distinction is made between populations in urban and rural areas. We propose to divide the population in four emission categories: (1) people connected to sewage systems, (2) people as a direct source of pathogens in rivers, (3) people as a diffuse source and (4) people as non-source. Furthermore, we make a distinction between urban and rural populations. To this end, we reclassify the sanitation coverage data from the Demographic and Health Survey (DHS) Program to fit our emission categories (see table 1 ). In classifying we assume that:
(a) Faeces of people connected to a sewage system will reach the surface water (treated or untreated). We assume different oocyst removal per treatment type, similar to the original Hofstra model.
(b) Faeces of people using septic tanks, pits or pit latrines or composting toilets will not reach the surface water. Soil passage effectively retains protozoan (oo)cysts (Ferguson et al 2003) . Furthermore, long storage time in septic tanks and latrines can cause oocyst die-off, and routes of disposal of contents are largely unknown. Therefore, we assume emissions to surface water of people using these systems to be zero.
(c) Faeces of people using hanging toilets are a direct source of oocysts to the surface water. These are systems where a toilet facility is built above a stream or lake and faeces drop directly into the water. Therefore, we classify the sanitation categories 'unknown', 'elsewhere' or 'no facilities, bush, field' to the diffuse sources for rural populations and to the direct sources for urban populations.
Estimating Cryptosporidium emissions in 2010
Using the assumptions above, we calculate human Cryptosporidium emissions to the surface water in Bangladesh and India for the year 2010. These countries were chosen as illustrative examples of developing countries with high population density and urbanization rates where a variety of different sanitation types are used, and because Hofstra et al (2013) indicated this region as one with emission hot-spots. We use the formula by Hofstra et al (2013) for the calculation of the human emissions via sewage systems, but calculate this for urban and rural areas separately. In addition, we calculate direct and diffuse emissions. This results in the following equations: (1) and (2)), f rem is the fraction of oocysts removed by sewage treatment. It is calculated as described above (equation (3)), P u and P r are the total urban and rural population of a country, respectively (equations (5)-(9)), f cu and f cr are the fractions of the urban and rural populations that make use of sanitation that is connected to a sewer system. (equations (5) and (6)), f du and f dr are the fractions of the urban and rural populations that make use of sanitation that is a direct source (equations (7) and (8)), f difr is the fraction of the rural population that has no sanitation facilities and forms a diffuse source (equation (9)) and f run is the fraction of faeces transported with runoff from land to surface water (equation (9)).
We have updated the baseline of the model to the year 2010. In tables A1 and A2 in the appendix all parameter values used in the calculations can be found. Oocyst excretion per ill person and oocyst removal efficiencies by different sewage treatment levels equal the original values as estimated by Hofstra et al (2013) . We assume that of the population connected to sewage systems, 20% receives treatment and the rest reaches the surface water untreated. This estimate is in line with the estimates for sewage treatment in Indian cities (Central Pollution Control Board: Government of India 2015), although treatment levels are not specified here. Dhaka, the capital of Bangladesh, reportedly has only one STP with a capacity to treat only a third of the collected wastewater, and sewage overflows occur regularly (WASHplus project of USAID 2010). Data on sewage treatment in other regions of Bangladesh is difficult to find, therefore we take the same value of 20% to represent Bangladesh also. We assume that currently only primary sewage treatment exists in India and Bangladesh.
We set the infection rate to 5%, lower than the 10% assumed by Hofstra et al (2013) for developing countries. We based this on a short literature review on cryptosporidiosis prevalence, finding that 2.1-3.5% of diarrhoea cases in Bangladesh and India are caused by Cryptosporidium Ferguson et al (2007) . We study the effect of uncertainty in model input parameters in a sensitivity analysis (section 3.3).
Spatial distribution of emissions in 2010
We estimate the spatial distribution of oocyst emissions to the surface water in Bangladesh and India. We spatially identify a country's urban and rural populations via density ranking, where the population in the most densely populated grid cells is defined as urban, based on a LandScan density map (Bright et al 2011) . We assume that among a population defined as urban, sanitation is distributed equally, proportional to the occurrence of different sanitation types.
Estimating Cryptosporidium emissions in 2050
We calculate the potential effect of urbanization, population growth and sanitation changes on future human Cryptosporidium emissions for Bangladesh and India. We define two scenarios:
(1) Business as usual: we assume that in 2050 the percentage of people connected to the different sanitation types in urban and rural areas is the same as today. Sewage treatment levels have also stayed the same (only primary treatment).
(2) Sanitation improvements: in 2050 open defecation is no longer practiced, and hanging toilets are no longer used. In urban areas, the population that previously used either of these sanitation types are now mostly connected to the sewage system (75%) or use on-site systems such as septic tanks and latrines (25%). In rural areas it is the other way around, it is more likely people use on-site systems (75%) than sewer connections (25%). Sewage treatment levels have improved, one third is primary treatment, one third secondary and one third tertiary treatment. Improvement of sanitation is in line with the current trends observed in the DHS data.
For both scenarios we use the population and urbanization estimates for 2050 based on the Global Orchestration (GO) scenario of the Millennium Ecosystem Assessment. This scenario assumes globalization and reactive environmental management, as opposed to regionalization and proactive environmental management (Alcamo et al 2006) .
Results
Accounting for sanitation types
We divide the urban and rural populations of Bangladesh and India in different model emission categories (connected, direct source, diffuse source, non-source) based on sanitation types according to the DHS Program. Figure 1 shows that only accounting for people connected to a sewage system, as was done in the original Hofstra model, may lead to a large underestimation of human emissions in India and Bangladesh. The figure also shows large differences exist between sanitation types in urban and rural populations and between countries.
Cryptosporidium emissions in 2010
Total annual human Cryptosporidium emissions to the surface water in 2010 are for Bangladesh 1.0×10 15 and for India 1.2×10 16 , according to our model. In Bangladesh, of these total emissions 18% comes from the population connected to a sewage system, 81% from direct sources and 1% from diffuse sources. 53% of the total emissions of Bangladesh is urban. In India, of these total emissions 61% comes from the population connected to a sewage system, 32% from direct sources and 7% from diffuse sources. 91% of the total Indian emissions is urban. Compared to the original Hofstra et al (2013) estimate for 2000, our 2010 estimate for India is 1.5 times higher and for Bangladesh 8.6 times higher.
Sensitivity analysis
We studied the sensitivity of model output to changes in ten input parameters. Each parameter can take three different values in the sensitivity analysis, based on reasonable ranges the parameter can take (table A1) . We do the analysis in pairs of parameters, changing one or both at a time, as some parameters are strongly related to others. For example, the effect on model output of changing coverage of different sewage treatment levels (primary, secondary, tertiary) depends on the removal efficiencies assumed for these levels. Results of the sensitivity analysis are presented in table A3. For both Bangladesh and India, the model was most sensitive to changes in the combination of oocyst excretion and number of infections. As these numbers are highly variable and uncertain (shown for 1 log unit change in oocyst excretion and halving or doubling of infection rate), the effect on model outcome is large, up to 20-fold increases or decreases. Uncertainty in whether faeces from septic tanks and pit latrines can reach the surface water can triple total oocyst emissions for Bangladesh. Uncertainty in the share of the faeces of people without sanitation facilities that reaches surface waters was a large contributor to uncertainty for India, mainly due to the large rural population without facilities.
Spatial distribution of emissions in 2010
Urban areas in both Bangladesh and India are hotspots of Cryptosporidium emissions to surface water. This is visualized in figure 2 , showing the spatial distribution of oocyst emissions over a 0.5×0.5 degree grid. Local differences in calculated oocyst emissions are large; in India 50% of oocysts originate from only 3% of grid cells, and 90% of oocysts originate from 12% of the grid cells. In Bangladesh the result is less extreme: 50% of oocysts originate from 8% of the grid cells and 90% of oocysts originate from 59% of the grid cells. This is because Bangladesh has a more evenly distributed population than India in the LandScan population density map.
Scenario analysis of future oocyst emissions
In the 'Business as usual' scenario the calculated total human emissions of oocysts to surface water for Bangladesh and India are higher in 2050 than in 2010 ( figure 3) . According to our model oocyst emissions will increase by a factor 2.0 (India) and 2.9 (Bangladesh) in this period. This is mainly attributable to an expected increase in urban emissions of oocysts by a factor 2.1 (India) and 4.5 (Bangladesh). The calculated increase is solely due to population growth and urbanization, as sanitation coverage is assumed to increase proportionally with population and urbanization.
In the 'sanitation improvements' scenario the calculated total human emissions for 2050 compared to 2010 are slightly higher for both Bangladesh (factor 1.1) and India (factor 1.2). For India, urban emissions go down slightly (factor 0.9) but rural emissions increase by a factor 4.0, because India had a very large population practicing open defecation that are now assumed to be partly connected to a sewage system.
Discussion
To our knowledge, our model currently gives the only available estimate for Cryptosporidium oocyst emissions to surface water in Bangladesh and India. Our model can be used for pinpointing hotspot areas where problems may be largest, comparing pollution from different regions, and indicating dominant pollution sources now and in the future. The model can be informative for sanitation and water quality managers. The model in its current form is less appropriate for getting accurate emission values for specific locations within these countries, as uncertainties in this type of (1) connected to a sewage system, (2) direct emission to the surface water (hanging toilets and for urban people the DHS categories 'unknown', 'elsewhere' or 'no facilities, bush, field'), (3) diffuse sources (for rural people the DHS categories 'unknown', 'elsewhere' or 'no facilities, bush, field') and (4) non-source (the DHS categories 'to septic tank', 'composting toilet', 'to pit' and 'to pit latrine').
modelling research are inevitably large. This is due to quality and availability of input data and model assumptions, among others. Oocyst excretion rates are highly uncertain. We assume a single annual oocyst excretion rate, as is done by Hofstra et al (2013) . This approach does not account for potential regional outbreaks of Cryptosporidium nor for variation in endemic cryptosporidiosis and shedding of oocysts. However, we did adjust the general infection rate estimate used in Hofstra et al (2013) to be more representative for the situation in Bangladesh and India. Our categorization of sanitation types assumes oocysts that end up in the soil through pit latrines and the like will not reach the surface water, but interflow may transport the faeces there (Davies et al 2004) , and in case of heavy rainfall these systems may flood. We ignore the contribution from septic tanks, it is assumed they are emptied in such a way the contents do not reach the surface water (e.g. in landfills) or after a long enough time for the oocysts to be inactivated. In addition, we classify the sanitation categories 'unknown', 'elsewhere' or 'no facilities, bush, field' to the diffuse sources for rural populations and to the direct sources for urban populations, based on the premise that due to lack of space in crowded urban areas it is likely that faeces will be disposed of towards the surface water. It is difficult to verify such assumptions, as regional or cultural variation in the use of sanitation can be large and the topic is often taboo (Dellström Rosenquist 2005) . In India 597 million people practice open defecation (WHO/UNICEF JMP 2014). The uncertainty about what happens with these faeces is large, and can significantly influence model outcomes, as was shown in our sensitivity analysis. The fraction of faeces on land that is transported to surface water via runoff is dependent on geographical and climatic factors, such as slope and precipitation, which we have not taken into account in this study. Furthermore, measurement data to validate model outcomes are not available, to our knowledge. To improve our model, we would particularly require more data on oocyst excretion and the occurrence of cryptosporidiosis, data on the effect of different sanitation systems on pathogen survival, and measurements of pathogens in sewage and surface water for model validation.
Urban areas are hotspots of Cryptosporidium emissions; we estimate that in Bangladesh 53% and in India 91% of total emissions come from urban areas. The original Hofstra model spatially distributed point source sewer emissions over the most densely populated areas in a country only. By calculating at the state level, including a division between urban and rural populations, including direct and diffuse sources, and distributing proportionally to population size, we now produce a map that represents spatial distribution of oocyst emissions more accurately, as a larger share of the population is accounted for and the location of more population centres is represented.
The most problematic areas with regards to safe disposal of human faeces are likely to be urban slums. An urban slum can be defined as 'an informal settlement in a city or town characterized by poor urban infrastructure, low water and sanitation service levels, high population density and limited access for basic services' (Katukiza et al 2013) . It is questionable whether the DHS data on urban sanitation in Bangladesh and India also hold for slum areas, as actual surveys done in slums are scarce. According to UN Habitat, in India 29.4% and in Bangladesh 61.6% of urban population lived in a slum in 2009 (Global Health Observatory Data Repository 2009). A Bangladesh slum population survey identified 9048 slum communities in the six major cities (Angeles et al 2009 ). Hanchett et al (2003 found that only 6-12% of households in slums of two Bangladesh cities has access to any form of latrines, septic tanks or sewerage, while the WHO/UNICEF JMP reports 50% overall urban access to improved sanitation in the year 2000 for Bangladesh (WHO/UNICEF JMP 2014). Similarly, Agarwal (2011) found that for urban areas in India, less than half of the poorest urban quartile had a flush toilet or pit latrine, while over 95% of the rest of the urban population did have this facility in 2005-2006. Furthermore, individual cities can differ in provision levels of basic services like sanitation, with smaller cities being generally underserved (Panel on Urban Population Dynamics 2003) . These examples highlight the inequalities between the richer and poorer urban populations, and the consequent difficulties for accurate spatial assessment of pollution originating from these areas. By categorizing the emissions of the urban population without sanitation access to the direct sources, we try to capture these slum populations in our model. It seems likely that part of the faeces from slums end up directly in surface waters (Nath 2003 , Nyenje et al 2010 , since sanitation coverage is low and there is little space for it to end up in the soil. In future, the problem will increase; it is expected that the number of people living in slums worldwide will have doubled by 2030 compared to 2000 (UN Millennium Project 2005). The rate of urbanization is so rapid that in developing countries planned urban expansion cannot keep up (UNEP/UN-HABITAT 2010).
Sanitation coverage is improving in most world regions (WHO/UNICEF JMP 2014). However, if more people are connected to sewers, this does not mean that adequate sewage treatment will also be installed (WHO/UNICEF JMP 2000, Baum et al 2013). A sewer connection without sewage treatment can cause faeces that now end up in the soil to reach the surface water untreated and affect water quality. More droughts and extreme rainfall events, which are expected with climate change, can cause problems for the existing STPs in the developing world, which are often old (UNEP/UN-HABI-TAT 2010). Both in developing and developed countries rainfall events can cause sewer overflows, causing wastewater that was supposed to go to a STP to reach the surface water untreated. When flooding occurs, waste from open and inadequate sewers or other sanitation types will run off to lower-lying areas (UNEP/ UN-HABITAT 2010). This process is enhanced by urbanization, because there will be more impervious surfaces inhibiting the water to infiltrate into the soil (Nyenje et al 2010) . Our current model does not incorporate rainfall event occurrence, as we are studying annual total emissions. Other models studying waterborne pathogens at catchment scale at smaller time steps do incorporate this (e.g. Petersen et al 2009).
The sensitivity analysis done by Hofstra et al showed that the fate of faeces of people not connected to a sewage system may impact model outcomes considerably. In this study, we quantified this contribution for Bangladesh and India: we estimate that emissions from people not connected to a sewage system constitute 82% (Bangladesh) and 39% (India) of total emissions. Our scenario analysis highlights the importance of taking into account population growth, urbanization and sanitation changes when predicting future water quality. We show that even with sanitation improvements (ending open defecation, improving sewage treatment levels) Cryptosporidium emissions to surface water are likely to increase.
Conclusion
In this paper we propose a new method to calculate human emissions of Cryptosporidium to surface water, using a modified version of the Hofstra point sources sub-model. We modify the model by calculating human Cryptosporidium emissions using categorized DHS data on sanitation use per state, updating the baseline to 2010, adding direct and diffuse emissions, introducing a division between urban and rural populations, and creating a new spatial distribution.
Taking Bangladesh and India as case studies, we show that only accounting for people connected to a sewage system, as was done in the original Hofstra model, may lead to a large underestimation of human emissions in developing countries. Sewer connections with inadequate treatment, but also hanging toilets and open defecation negatively affect water quality. Urban centres are hotspots of human Cryptosporidium emissions in Bangladesh and India; we estimate that 53% (Bangladesh) and 91% (India) of total emissions come from urban areas. Our map indicates that 50% of oocysts originate from only 8% (Bangladesh) and 3% (India) of the country area. Future population growth and urbanization are likely to lead to further deterioration of water quality in Bangladesh and India, in spite of efforts to improve sanitation. Under our 'Business as usual' scenario, oocyst emissions will increase by a factor 2.0 for India and 2.9 for Bangladesh between 2010 and 2050. Under our 'sanitation improvements' scenario, oocysts emissions increase slightly for both Bangladesh (factor 1.1) and India (factor 1.2). The model is most sensitive to changes in oocyst excretion and infection rate, as well as assumptions on what share of faeces reaches the surface water for different sanitation types.
Population growth, urbanization and the development of sanitation are important processes to consider for large scale modelling of current and future water quality related to human faeces. The new method proposed here is a first step for improved spatially explicit modelling of Cryptosporidium. Table A1 . Model parameter values for the standard model run and the sensitivity analysis for 2010. The sensitivity analysis is done with pairs of parameters that can take three different values each (see table A2 for results). 'Standard value' indicates that the same value as in the standard model run is taken. Estimates for oocyst excretion and the removal efficiencies of oocysts by sewage treatment are based on a literature study by Hofstra et al (2013) . The infection rate and the percentage of the connected population that receives treatment were estimated from literature (section 2.3).
Sensitivity
Model parameter value
Value 1 Table A3 . Sensitivity analysis results. We test the sensitivity of our modelled Cryptosporidium human emissions for Bangladesh and India to changes in a number of model parameters. The numbers shown are percentage change in oocyst emissions compared to the standard run (0). Positive numbers are therefore increases, negative numbers are decreases. We do the sensitivity analysis in pairs of parameters, changing one or both at a time, as some parameters are strongly related to one another. Parameters can take three different values each (table A1 ). The first series shows changes in sewage treatment (all currently connected people switch to secondary or tertiary treatment) and removal efficiencies of Cryptosporidium during treatment (based on the ranges found by Hofstra et al 2013: primary 4-90%, secondary 28-100%, tertiary 40-99%). The second series shows changes in whether or not the 'no facilities' category emissions reach the surface water. The third series shows changes in whether or not the 'septic tanks and pit latrines' category emissions reach the surface water. The fourth series shows changes in country population and urban population sizes (10% lower or higher). The fifth series shows changes in Cryptosporidium oocyst excretion (1 log unit lower or higher) and the number of infections (half or double). Each series contains nine individual model runs, leading to a total of 45 runs per country.
